Context. Increasing the statistics of evolved massive stars in the Local Group enables investigating their evolution at different metallicities. During the late stages of stellar evolution, the physics of some phenomena, such as episodic and systematic mass loss, are not well constrained. For example, the physical properties of red supergiants (RSGs) in different metallicity regimes remain poorly understood. Thus, we initiated a systematic study of RSGs in dwarf irregular galaxies (dIrrs) in the Local Group. Aims. We aim to derive the fundamental physical parameters of RSGs and characterize the RSG population in nearby dIrrs. Methods. The target selection is based on 3.6 µm and 4.5 µm photometry from archival Spitzer Space Telescope images of nearby galaxies. We selected 46 targets in the dIrrs IC 10, IC 1613, Sextans B, and the Wolf-Lundmark-Melotte (WLM) galaxy that we observed with the GTC-OSIRIS and VLT-FORS2 instruments. We used several photometric techniques together with a spectral energy distribution analysis to derive the luminosities and effective temperatures of known and newly discovered RSGs. Results. We identified and spectroscopically confirmed 4 new RSGs, 5 previously known RSGs, and 5 massive asymptotic giant branch (AGB) stars. We added known objects from previous observations. In total, we present spectral classification and fundamental physical parameters of 25 late-type massive stars in the following dIrrs: Sextans A, Sextans B, IC 10, IC 1613, Pegasus, Phoenix, and WLM. This includes 17 RSGs and 8 AGB stars that have been identified here and previously. Conclusions. Based on our observational results and PARSEC evolutionary models, we draw the following conclusions: (i) a trend to higher minimum effective temperatures at lower metallicities and (ii) the maximum luminosity of RSGs appears to be constant at log(L/L ) ≈ 5.5, independent of the metallicity of the host environment (up to [Fe/H] ≈ −1 dex).
Introduction
Red supergiants (RSGs) belong to a critical but short-lived ( 35 Myr) stage of massive star evolution. It is considered that all stars with initial masses of about 8 − 40 M are passing through this stage, which is identified as the core helium burning phase. Because only few objects are studied in detail so far, the predictions of stellar evolutionary models for their physical parameters, such as temperature and luminosity, still differ. An important open question is the effect of metallicity on the evolution of RSGs, that is, whether the Hayashi (Hayashi 1961) and Humphreys-Davidson (Humphreys & Davidson 1979) lim-Send offprint requests to: N. Britavskiy
Based on observations made with ESO Telescopes at the La Silla Paranal Observatory under program ID 095.D-0313 and observations made with the Gran Telescopio Canarias (GTC), installed in the Spanish Observatorio de El Roque de Los Muchachos of the Instituto de Astrofísica de Canarias, in the island of La Palma; program ID: 93-MULTIPLE-2/14B. its depend on metallicity. Observationally, the average effective temperature of RSGs varies with metallicity (Elias et al. 1985; Levesque et al. 2006; Levesque & Massey 2012) . Some theoretical works support the dependency of the mixing length parameter on metallicity (e.g., Chun et al. 2018) . Another factor that significantly affects the evolution of massive stars is mass loss (Smith 2014; Meynet et al. 2015; Groenewegen & Sloan 2018) , which is difficult to measure in the RSG phase. Whereas the mass loss is driven by the iron content in hot stars, it is driven by the dust content in cool stars, and hence depends on different chemical species (van Loon et al. 2005; Goldman et al. 2017) . Available evolutionary models cannot reliably predict the RSG evolution.
In order to answer how various stellar physical parameters depend on metallicity, it is important to survey RSGs in host environments with different metallicities. However, only a few RSGs beyond the Milky Way, especially in more metalpoor host galaxies, are spectroscopically confirmed. The excep-Article number, page 1 of 22 arXiv:1909.13378v2 [astro-ph.SR] 18 Oct 2019 A&A proofs: manuscript no. 35212corr tions are the massive M31 and M33 galaxies and the Magellanic Clouds (MCs). In the past ten years, nearly 200 RSGs were discovered and spectroscopically confirmed in the Small Magellanic Cloud (SMC), and 250 RSGs in the Large Magellanic Cloud (LMC; Massey 2002; González-Fernández et al. 2015) . The situation is different in more distant dwarf irregular galaxies (dIrrs): only 53 RSGs are known in 6 dIrrs in the Local Group. There are 11 spectroscopically confirmed RSGs in the Wolf-Lundmark-Melotte (WLM) galaxy (Bresolin et al. 2006; Levesque & Massey 2012) , 26 in NGC 6822 (Levesque & Massey 2012; Patrick et al. 2015) , 7 in Sextans A, 6 in IC 1613 (Tautvaišienė et al. 2007; Britavskiy et al. 2014 Britavskiy et al. , 2015 , 2 in NGC 3109 (Evans et al. 2007) , and 1 in Sagittarius (Garcia 2018) . Several RSG candidates lie in three distant spiral galaxies (Chun et al. 2017) . Each additional RSG beyond the Milky Way is statistically significant as an observational reference point to constrain stellar evolution theories at the late stages of massive star evolution. The sample of dIrr galaxies and the MCs provides an ideal laboratory for investigating the physical properties of RSGs over a wide range of host galaxy metallicities from [Fe/H] ≈ −0.4 dex (LMC) to [Fe/H] ≈ −1 dex (Sextans A). Britavskiy et al. (2014 Britavskiy et al. ( , 2015 hereafter Paper I and Paper II, respectively) probed mid-infrared (mid-IR) selection techniques for RSGs in star-forming dIrr galaxies in the Local Group (Sextans A, IC 1613, the WLM, Pegasus, and Phoenix). We here complete our census of RSGs by adding four dIrrs: Sextans B, IC 10, IC 1613, and the WLM. We derive the physical parameters for all discovered RSGs. In IC 10 and Sextans B we observed several RSG candidates for the first time. IC 1613 and the WLM were included in our previous surveys (Paper I and Paper II), but the selection process and the observations were repeated for consistency. For the RSGs and massive asymptotic giant branch (AGB) stars for which we have a calibrated spectral energy distribution (SED), a systematic physical parameters analysis was performed using different spectroscopic and photometric techniques. Some targets that we previously classified as RSGs in Paper II appear to be massive AGB stars after the repeated analysis. We conclude that it is necessary to use the luminosity-type classification.
The paper is organized in the following way. In Section 2 we describe the target selection criteria, observations, and basic spectral classification analysis. In Section 3 we present the physical parameter analysis, using SED fitting and three photometric approaches. Section 4 presents an interpretation and discussion of the obtained results, and in Section 5 we close with the conclusions. The appendix contains the information about the observed targets and the SED fitting curves.
Target selection and observations

Target selection
We selected RSGs candidates in four nearby dIrrs with relatively high star formation rates (SFRs; > ∼ 0.003 M yr −1 ), based on color ([3.6] − [4.5] < 0) and brightness (M [3.6] < −9 mag) criteria; see Paper I and Paper II for details. These selection criteria are empirical and are based on the spectroscopic survey of massive stars in the LMC and SMC (Bonanos et al. 2009 (Bonanos et al. , 2010 . We used the mid-IR colors because RSGs are very bright in the infrared due to their dusty envelopes. We used published Spitzer/IRAC photometry (DUST in Nearby Galaxies with Spitzer, DUSTiNGS survey Boyer et al. 2015) of the four nearby dIrrs IC 10, IC 1613, Sextans B, and the WLM. In total, we observed 46 targets for follow-up observations. For the selected tar-gets in the WLM, we also included six previously known RSGs from Paper II and Levesque & Massey (2012) . The observations were carried out in October of 2014 and in August of 2015, when the final DUSTiNGS survey was not yet published. We therefore used an unpublished version of the survey that differs slightly from the final version for the selection process. This slightly affects the colors of the selected targets (see Section 2.3).
The basic properties, that is, the galaxy name, distance, radial velocity, metallicity, and SFR, of our program galaxies, together with the galaxies in which we have previously found RSGs, are listed in Table 1 . The literature estimates of the metallicities are mainly based on the metallicities of blue supergiants (BSGs). We set the RSG metallicities equal to the metallicity estimates obtained using BSGs. Both [Fe/H] and Z (mostly oxygen-based) abundances are relevant for the stellar evolution and mass-loss properties. We note that the metallicities refer to averages and that metallicity variations exist inside these galaxies (e.g., Berger et al. 2018) . The average values allow us to map (within uncertainties of 0.2 dex) the metallicity dependence of the RSG population in different dIrrs.
Observations and data reduction
The targets in IC 10, IC 1613, and Sextans B were observed with the 10.4 m Gran Telescopio Canarias (GTC) using the Optical System for Imaging and low Resolution Integrated Spectroscopy (OSIRIS) in multi-object spectroscopy (MOS) mode in September and December 2014. Twenty-three targets were observed with the OSIRIS R1000R grism with the 1.2 slit. The wavelength range was 5100 Å to 10000 Å with a resolving power of R ≈ 1100. The field of view of the MOS OSIRIS masks (7.5'x6') was suitable to cover each dIrr galaxy with one field. The spectra were reduced by standard IRAF 1 routines: bias subtraction, division by the flat fields, wavelength calibration, flux calibration, and spectrum extraction. The accuracy of the wavelength solution is approximately 1 Å. Spectra were flux calibrated using a spectroscopic standard star (usually BA spectral type) that was observed during the same observing run. The standard was taken in long-slit mode and a wider slit width (2.5 ). At this slit width, the typical flux due to instrumental uncertainties is about 10%. The difference in seeing between the science and calibration observational blocks did not exceed 0.25 . The spectrum of a standard star was used to determine the response curve of the spectrograph, which we used to obtain the relative flux calibration of the science spectra. We list the seeing value at the beginning of observations for each observational block in Table  2 .
The targets in the WLM were observed with the FORS2 spectrograph at ESO's Very Large Telescope (VLT) in August 2015. In Paper II we have discussed 31 targets in this galaxy. We found 4 RSGs that were previously identified by Levesque & Massey (2012) . We here selected 23 targets in this galaxy. To avoid slit overlaps in the compact WLM field, we created three masks for the same field (6.8'x6.8'). Only 23 were observed because the (service mode) program was not completed.
The data reduction was performed with the FORS2 ESO pipeline version 4.9.23 with the Reflex workflow version 2.6 (Freudling et al. 2013) . The reduction process includes standard procedures such as bias subtraction, flat field division, back- Notes. * -The distance, distance moduli, systemic radial velocities, and metallicities are taken from Mc-Connachie (2012) . †star formation rates are taken from Mateo (1998) . References: a Bergh (2000) ground subtraction, and wavelength and flux calibration. For each target, four spectra are combined using the IRAF routine scombine. The observation of the flux standard target (NGC 7293) was performed in the same night and all science spectra are absolute-flux calibrated using standard FORS2 pipeline routines. The spectra have a wavelength range from 4300 Å to 9000 Å and an average signal-to-noise ratio (S/N) of ≈ 30. We did not achieve this wavelength range for all targets because space on the CCD in MOS mode was limited. Thus, some of targets have a shorter wavelength coverage, which makes the spectroscopic analysis difficult. The resolving power varies from R ≈ 400 at 5000 Å to R ≈ 680 at 8600 Å. The journal of observations is provided in Table 2 . In Paper II all targets in Pegasus, Phoenix, Sextans A, and the WLM have been observed with the FORS2 instrument and have been processed in the same way.
Spectral classification
We used the same algorithm for the analysis as described in Paper I and Paper II to determine the spectral type, luminosity class, and measure the radial velocity. For the low-resolution spectroscopic data, we used the ESO UVES Paranal Observatory Project (POP) spectral library, which we degraded from R ≈ 70 000 to R = 1000. To determine the spectral type, we used mainly the TiO bands, which dominate the optical wavelength region in spectra of RSGs. The luminosity class and radial velocities were determined based on the Ca II line profiles (λλ 8380 -8800 Å) by comparing the strengths and position of these gravity-sensitive features with giant and supergiant template spectra. In Tables A. are different from those that we used for the initial target selection. This explains why the RSGs in some cases have [3.6]-[4.5] > 0, which is not in agreement with our selection criteria. However, it shows that our color cut is not efficient in distinguishing RSGs from the late-type foreground giants because some of the field giants have the same [3.6]-[4.5] colors as the RSGs. The analysis of the spatial distribution of observed targets shows that the majority of foreground and background objects are located outside the main body of dIrrs (see also the spatial distribution of RSGs in Sextans A in Britavskiy et al. 2015) . Moreover, we note that individual RSGs are located mainly at the edge of the galaxies. This is due to an observational bias: the crowded regions in the central part of the galaxies do not allow properly observing the targets in the MOS mode at optical wavelength.
Determination of the fundamental parameters of RSGs
The list of all identified RSGs and AGB stars in seven dIrr galaxies is presented in 25 RSGs candidates that we identified in the present work and in Paper I and Paper II. We used different approaches to obtain the luminosities and effective temperatures (T eff ) of the newly discovered RSGs, that is, the SED fitting and several photometric techniques. We present each of these techniques in the following subsections. Deriving physical parameters of extragalactic RSGs is challenging, and no routine procedures have been developed so far. We therefore describe the techniques we have applied to our sample in detail.
SED fitting technique
Before proceeding to the SED analysis, we fit the relative fluxcalibrated spectra to the Johnson BV I bands. Absolute flux calibration in MOS mode is quite challenging because of light loss from the slit or parallactic angle differences between standard and scientific targets, for instance. The best method for reliable absolute flux calibration therefore is to shift the flux to the known values from photometric bandpasses at the given wavelength.
We fit the flux-calibrated spectra of the RSGs (SED) at optical wavelength between 4500 -6500 Å with a grid of synthetic spectra with the same wavelength binning as the observed spectra. To build this grid we proceeded in a similar way to Davies et al. (2015) .
We used the local thermal equilibrium (LTE) MARCS code (Gustafsson et al. 2008) to construct the stellar atmosphere models in spherical geometry over 56 depth points. For consistency, Table A.3. we follow the standard MARCS physical parameters recommended for red giants for all the models, that is, we used 1.5 for the mixing length parameter, 0.076 for the temperature distribution within the convective elements, and 8 for the energy dissipation by turbulent viscosity. From the model atmosphere grid, high-resolution synthetic spectra were calculated using the turbospectrum 1D LTE radiative transfer code (Plez 2012) , including atomic and molecular line lists (VO, CaH, FeH, CrH, SiO, MgH, CH, C2, and CN) and most importantly, TiO, which commonly serves as an important indicator for spectral types in the optical region. The solar-scaled abundance ratios were taken from Grevesse et al. (2007) . We degraded the resolution of the synthetic MARCS spectra from R = 500 000 to 800, which is the average resolution of our flux-calibrated RSG spectra. In addition, we added artificial noise to the synthetic spectra, which corresponds to an S/N ≈ 30 (the average S/N of the observed spectra). The effective temperatures of the grid (from 3200 K to 5000 K in steps of 50 K) have a wider range than the Davies grid. For the mass (M), microturbulence velocity (v mic ), and surface gravity (log g) parameters, Davies et al. (2015) argued that changes in mass within the range of typical RSGs (8-25 M ) do not significantly affect the atmosphere structure. They also demonstrated that microturbulent velocities in RSGs are nearly constant and that surface gravity and metallicity are strongly degenerate when the parameters are derived by spectral fitting. Therefore, we fixed these parameters such that M = 15 M (typical of RSGs; Davies et al. 2015) , log g = 1, and v mic = 4 km s −1 . Finally, we assumed [Fe/H] = −1 dex as the most appropriate for RSGs in dIrr galaxies. We only varied the effective temperature and extinction (A V ) in order to obtain the best match of the modeled and observed RSG SEDs. With a precomputed grid of synthetic spectra, we fitted the observed SED using the χ 2 minimization that returns the final values of T SED eff and A V . We varied the T eff from 3200 K to 5000 K with a step of 50 K and the extinction in a range from 0.1 to 3 with a step 0.1 mag, but in some cases (e.g., for targets in IC 10), we modified the range of extinction up to 4 mag. To calculate the extinction across all wavelength ranges, we used the extinction law from Maíz Apellániz et al. (2014) . We used a constant value of the total to selective absorption extinction R V = 3.1, which is a best-fit value for RSGs, as was shown in Levesque et al. (2005) . The resulting uncertainties in derived parameters indicate the goodness of fit based on chi-squared statistic.
The goodness of the χ 2 minimization and the resulting bestfit SEDs for the RSGs of each galaxy are presented in Figures B.1 -B.6. In each figure we present the final fit of observed and modeled MARCS SEDs together with archival optical BV I band photometry. The names of the RSGs in each plot are those given in Table 3 . For the majority of targets in IC 10, we were unable to fit the observed SED properly. The derived values of the effective temperature, luminosity, and extinction therefore cannot be considered reliable. The reason is that the wavelength regions in the observed SEDs are limited, and we were unable to find a reliable fitting solution (see Figure B .6). We indicate these targets by a question mark in Table 3 . The superposed photometric bands for each of the SED fitting solutions show the goodness of the flux calibration of the observed RSG candidates in terms of the target color. The photometric and spectroscopic observations do not differ significantly.
Based on the best-fit MARCS model for each individual RGS SED, we calculated the luminosity (L SED ) for these targets through the integrated flux of the synthetic SED,
where d is the average distance to the host galaxy, and f lux is the integrated flux for the best-fit MARCS model. We used Monte Carlo simulations that vary the distances, T SED eff and A V , within the uncertainties in order to calculate the uncertainties in derived luminosity for each target.
With the determined effective temperatures and luminosities, we derived the final values of radii using the Stefan-Boltzmann equation:
The preliminary values of T SED eff , L SED , A SED V , R V , and R SED for 25 targets are presented in Table 4 .
Alternative photometric techniques for determining RSG luminosities
To determine the reliability of the SED fitting approach for deriving RSG luminosities and temperatures, we applied several empirical photometric techniques. They gave us estimates of the bolometric corrections (BCs) and the effective temperatures. All of them have been tested in the literature for various samples of RSGs in the MCs. Here, we briefly describe these techniques. More detailed information is presented for a VLT-FLAMES sample of RSGs in the 30 Doradus region (Britavskiy et al. 2019 ).
1. The single-band technique (I band). One photometric approach is the empirical near-IR band-calibration technique presented by Davies et al. (2013, equation 2) . Based on the assumption that in the MCs the bolometric correction for RSGs is constant for each given band, the authors presented a BC calibration for several optical and near-IR bands. We chose the I band for this analysis because the effect of extinction is relatively weak and this band is available in all photometric surveys of our targets. Moreover, the maximum of the RSGs SED is located near the I band, which is important for the accuracy of the photometry for our faint-target sample. When the apparent I-band magnitudes and distance modulus to the host galaxy are known, the luminosity estimation is straightforward. The luminosities L (I−band) are presented in Table 4 . 2. The J-K technique. This method uses the (J − K s ) 0 color and is based on the bolometric correction for the spectroscopically late-type long periodic variables (Bessell & Wood 1984) . This method is relatively insensitive to extinction. Moreover, using the RSG sample in the LMC and SMC from Tabernero et al. (2018) , we can obtain an effective temperature calibration based on the (J − K s ) 0 color: Table 4 .
K color. We used the V − K relation, which was adapted for the SMC metallicity, as the most metal-poor calibration published. The main disadvantage of this method is that it is highly sensitive to extinction, which is usually unknown. We used the A SED V , which we determined from the SED fitting. The resulting values L (V−K) and T (V−K) eff are presented in Table  4 .
Taking into account that these photometric techniques are based on a limited number of RSGs and were calibrated only to the LMC and SMC metallicities, the accuracies presented in the reference studies for each of the methods most likely underestimate the true accuracy. In order to estimate the errors of the derived luminosities for each of these techniques, we therefore took the dispersion of the methods together with errors of the target photometry and extinction values into account using Monte Carlo simulations (I-band, J-K, and V-K techniques).
The obtained luminosities and effective temperatures for a program RSG, derived with each method, are presented in Table 4. In Figure 5 we present the Hertzsprung-Russell (H-R) diagram for each galaxy with all RSGs and AGB stars, together with the SMC evolutionary tracks from Brott et al. (2011) and the evolutionary tracks for Z = 0.002 from Georgy et al. (2013) . Both samples of the evolutionary tracks are for a set of rotating stellar atmosphere models. We plot the luminosity and effective temperature estimates that we derived from the different methods. Using L SED as a reference, we find interesting objects in the H-R diagram in Figure 5 . For instance, the three very luminous RSGs in Sextans A appear to be very massive, with radii of ≈ 900 R . These two different RSG populations in Sextans A illustrate the different star formation regions of the galaxy, or the red straggler phenomena (as discussed in Beasor et al. 2019; Britavskiy et al. 2019 ). In addition, we can clearly see a high discrepancy in the physical parameters of IC 10 targets and also in the accuracy of the SED fitting for these targets (see Fig. B .6). The reason of this unreliable fitting is a high interstellar extinction toward IC 10 because it lies near the Galactic plane.
Discussion
The reliability of the obtained effective temperatures and luminosities and the preferred methods are the first points to discuss. We cannot give a preference to one of the methods yet because we work in a narrow wavelength range and simply measure the temperature and luminosity at a given depth in the extended atmosphere of RSGs. The SED fitting and V-K techniques are based on MARCS stellar atmosphere models, and the strengths of the TiO band depths are not connected with a temperature based on the state of the atomic lines in the spectra (i.e., CaT or J-band spectroscopic techniques, Tabernero et al. 2018; Patrick et al. 2015) .
The results obtained using the V-K technique deserve particular attention. They systematically overestimate the values of T eff and L in comparison with the other methods. The main reason for these discrepancies are uncertain values of A V , which were derived by SED fitting. The RSGs in our sample are optically faint, which results in large uncertainties in V-band values and significant uncertainties of the SED fitting of the spectra with low S/N with synthetic spectra. In addition, the V-K technique is only suitable for SMC metallicity; our targets are more metal poor than the SMC. These reasons explain the large differences in the resulting values.
In order to minimize the uncertainties in the derived parameters, we first of all suggest that the optical bands should be avoided for deriving the temperature and luminosity of RSGs. They are significantly affected by extinction. A reliable extinction is difficult to derive without spectra that cover a wide wavelength range. Second, we suggest that photometry in the H and K bands is not included in such analyses because these bands show effects of mass-loss excess, in particular, from episodic massloss events. For our analysis we adopted the L SED because it is more reliable to derive luminosities from observational spectra, and the resulting values are in agreement with the photometric methods that are relatively free of extinction, that is, the J-K and I-band techniques.
Targets that are located below the 8 M evolutionary track (see Fig.5 ) are probably massive AGB stars and are labeled AGB star candidates in Table 3 . As an additional check for possible AGB stars in our sample, we placed our 25 RSG candidates on the luminosity-age (L-Age) diagram ( Figure 6 ). This diagram is based on the LMC and SMC evolutionary tracks by Brott et al. (2011) with an initial rotation rate of 150 (km s −1 ). In addition, we placed the evolutionary tracks from Georgy et al. (2013) for Z = 0.002 with rotation (150 -300 km s −1 ) there. The advantage of this method is that at a given luminosity, independently of effective temperature estimates, it is easy to fit the position of the sources to the narrow theoretical RSG region that corresponds to the final evolutionary phase (He-burning phase) of massive stars with initial masses from 5 to 40 M . We fit the luminosities of each RSG and AGB star to the SMC evolutionary tracks as to the closest sample of tracks in terms of the average metallicity of all program galaxies. However, this analysis strongly depends on the model: Figure 6 shows that the position of the RSG region significantly varies depending on which model we used (see also Fig. 7 in Britavskiy et al. 2019 ). This clearly shows how sensitive the RSG evolution is to the different underlying physics in the stellar atmosphere models. This diagram shows that all bona fide RSGs are located above the log(L/L ) = 4.3 limit. Other targets are likely massive AGB stars (e.g., two targets in Pegasus). Targets below log(L/L ) = 4.3 correspond to an age ≈30 Myr or older and belong to the AGB or RGB stellar population at the SMC metallicity. Figure 7 shows the relation of stellar radii with luminosities (L SED ) for all RSG candidates. The targets are divided into two groups: RSG and AGB stars, with a separation at luminosity log(L/L ) = 4.3. For some extremely low-luminosity targets, the CN bands become visible in the spectra, which indicates the carbon-rich population of AGB stars. These targets were considered as carbon stars; we indicate them in Table 3 and Figure  7 . Most of the RSGs, except for the most luminous ones, have a typical radius of R SED ≈ 300 R , which is in agreement with studies of type II supernova progenitor radii (e.g., Garnavich et al. 2016) . The systematic accuracy of our radius measurements is not higher than 50 R , mainly because of the uncertainties in target distances, which we assumed to be constant for each dIrr galaxy. 6 . Luminosity-age diagram for the RSG region based on the LMC and SMC evolutionary tracks (Brott et al. 2011) , together with the evolutionary tracks from Georgy et al. (2013) . The evolutionary stage of the RSG region, i.e., the He-burning phase, is marked by the red dashed lines. The solid red line corresponds to the weighted polynomial fit of the He-burning phase based on the SMC evolutionary tracks. Fig. 7 . Distribution of the program RSG radii according to their luminosities. Different symbols are used to label targets from different host galaxies. All bona fide RSG are located above the log(L/L ) = 4.3 luminosity limit. Table 4 . Fundamental physical parameters for all identified RSG candidates in dIrr galaxies derived with different techniques. 
Spectral types of RSGs
The effect of different metallicities on the observed properties of RSGs is significant. This was first reported in Elias et al. (1985) and Massey & Olsen (2003) for a sample of RSGs in the SMC and the LMC, and later for a sample of more metal-poor galaxies in the Local Group (Levesque & Massey 2012) . The average spectral types of RSGs move toward earlier types at lower host galaxies metallicities. The average spectral type of RSGs in the Milky Way is M2, RSGs in the SMC have an average spectral type of K5-7, and RSGs in the WLM, as the most metalpoor galaxy in this sample, have an average spectral type K1-3 (Levesque & Massey 2012) . The explanation for this effect can be found in the behavior of the TiO bands, which are used as the primary indicator of spectral type classification. At lower metallicities these molecular bands become weaker, and as a result, the comparison of observed RSG spectra with Atlas 9 (Kurucz 1993) or MARCS (Gustafsson et al. 2008 ) stellar atmosphere models suggests early spectral types. Our newly identified RSGs in galaxies more metal poor than the WLM (e.g., Sextans A) follow this trend of RSG spectral types. The majority of RSGs that we identified in our program galaxies have early-K spectral types (see Table 3 ), with the exception of targets in IC 10, for which we identified five AGB stars with spectral types later than the typical RSG type at this metallicity.
Applying our mid-IR selection criteria, we selected seven RSGs in WLM independently of Levesque & Massey (2012) . Spectroscopic observations of these seven objects, carried out four years apart, enable us to compare their spectral types and identify spectral variability (Massey et al. 2007a; Levesque 2010) . Our spectroscopic analysis (Figure 8 ) of flux-calibrated spectra does not show any significant difference in spectral type.
Nature of RSGs in dIrr galaxies
This paper, together with Paper I and Paper II, increases the sample of spectroscopically confirmed RSGs in dIrr galaxies in the Local Group by 13 (30%) by employing mid-IR criteria. As we mentioned, prior to these works, 43 RSGs were spectroscopically confirmed in dIrrs of the Local Group (in NGC 3109, NGC 6822, IC 1613, the WLM, and the Sagittarius dIrr).
An important question is the completeness of the RSG sample in each of the dIrr galaxies discussed here. How many more RSGs do we expect? As a first-order estimate, we counted the total number of sources in the so-called RSG region, that is, [3.6] − [4.5] < 0 and M [3.6] < −9 mag according to Bonanos et al. (2009) , in the CMD and compared it with the SFR of each galaxy, which is tabulated in Table 1 (see Figure 9 ). The estimates of the SFRs are based on the HII regions and the most luminous stars (Mateo 1998 ) and indicate the most recent SFR (≈ 10 Myr). We assumed that past star formation rates are proportional to the most recent one. This assumption is not always true, especially in case of dIrr galaxies (Weisz et al. 2014 ), but as a zeroth-order assumption, it can be used for our purposes. A strong correlation is observed between the SFR and the total number of sources. On average, we identified 3-5 RSGs in each galaxy. They are among the brightest and most massive stars, but taking into account that the WLM hosts 11 known RSGs (Levesque & Massey 2012) , it indicates that at least twice as many RSGs lie in each galaxy if the RSG population is independent of metallicity. However, as we show below, the RSG properties depend on metallicity. When the lifetimes of RSGs decrease with metallicity, the observed RSGs would be almost complete for the lowest metallicity galaxies. An additional problem is the low number statistics, which is related to the low SFR. It is therefore difficult to establish robust conclusions on the completeness and RSG lifetimes. IC 10 deserves particular attention because, as we mentioned before, this galaxy is located near the Galactic plane. It is therefore significantly foreground contaminated, and based on its high SFR, further discoveries are expected and studies of its RSG population are encouraged.
In Table 5 we show the observed number of RSG and the maximum number of RSGs estimated using the PARSEC evolutionary tracks (Bressan et al. 2012; Chen et al. 2015) assuming a constant SFR over the last 50 Myr. For this analysis we used three different SFR estimates: the estimates based on the CMD analysis (listed in Table 1) , and SFRs obtained from Hα and far-ultraviolet (FUV) analysis obtained by Karachentsev & Kaisina (2013) . We note that the estimates are always lower than the observed number of RSG. To explain these results, we recall that evolutionary computations have a two problems regarding RSGs. The first problem is the position of RSGs in the H-R diagram, which we studied here, and the second problem is the lifetime of the RSG phase, which defines the possible number of RSG in a given population. This requires a correct consideration of the previous step to reproduce the position of RSGs in the H-R diagram and additional considerations about their evolution. This is beyond the scope of this paper.
For our RSG analysis, we adopted the mean metallicities of the BSGs population (if the data were available) in these galaxies as a reference metallicity of our RSG sample. According to Table  1 , the BSGs metallicity measurements are available only for IC 1613, Sextans A, and the WLM. For IC 1613 we used direct measurements of RSG metallicities from Tautvaišienė et al. (2007) . In addition, we assumed that the mean metallicity of Sextans B is approximately the same as for Sextans A. For Pegasus and IC 10 we used the [O/H] abundances from Bergh (2000) . Very importantly, the metallicities of dIrr galaxies are not homogenous. There are some effects, such as different star formation regions and different chemical evolution histories, which cause the metallicity spread thoruhgout the galaxy (e.g., Urbaneja et al. 2008; Patrick et al. 2017) . Moreover, in case of IC 1613, the metallicity of the B-and A-type supergiants is bimodal (Berger et al. 2018) . To conclude, appropriate reliable measurements of RSG metallicities in the program galaxies are difficult to obtain, but our assumptions are enough to separate the sample of RSGs by mean metallicities of the host galaxies within 0.2 dex error bars.
Article number, page 11 of 22 A&A proofs: manuscript no. 35212corr In Figure 10 we plot the relation between effective temperature (T SED eff ) and metallicities of the host galaxies ([Fe/H]), adding the T (J−K) eff values for our targets. We added three known RSGs in IC 1613 with adopted physical parameters derived by Tautvaišienė et al. (2007) to our sample, as well as RSGs from the LMC and SMC (Davies et al. 2013) , for which the temperatures were calculated by TiO-band SED fitting. We adopted [Fe/H] LMC = −0.4 and [Fe/H] S MC = −0.6 dex with an uncertainty 0.2 dex, which is in agreement with the mettallicity estimates of the RSG population in these galaxies according to Davies et al. (2015) . A trend of increasing RSG effective temperatures toward lower [Fe/H] is clearly visible, which implies decreasing depths of the TiO bands at lower metallicities. The T (J−K) eff values show the same trend, but weaker. This fact indicates that the Hayashi limit depends on the metallicity of the host environment. This result mainly shows the behavior of the TiO bands, but this trend is also observed if we were to use the photospheric atomic lines in spectra of RSGs (as was shown on a sample of RSGs in the MCs Tabernero et al. 2018; Davies et al. 2018) .
In order to test this observational trend with theory, we investigated the theoretical predictions of RSG physical parameters, such as effective temperatures for given [Fe/H] and luminosity, at low metallicities. We chose the PARSEC evolutionary tracks without rotation because they range to low metallicities (up to [Fe/H] = −1.65 dex assuming a [Fe/H] to Z relation of [Fe/H] = 1.024 log(Z) + 1.739 and solar isotopic content). We considered as RSGs stars with initial masses of 8 to 40 M and temperatures from 3200 K to 4300 K. We selected all luminosities and all evolutionary points at [Fe/H] < 0. In Figure 10 we present the selected theoretical points, which indicate an RSG phase in the PARSEC evolutionary tracks. The theoretical trend of decreasing T eff with decreasing [Fe/H] is clear, which is in agreement with our observations. The theoretical maximum of T eff is 4300 K, in order to avoid contamination by other stellar types (e.g., AGB) that satisfy our selection criteria. Thus, we could not investigate the maximum temperature of RSG temperature at low [Fe/H].
Our unique sample of RSGs in metal-poor dIrr galaxies gives us the possibility to investigate how the Humphreys-Davidson limit in the RSGs region depends on metallicity. According to theory (e.g., Meynet et al. 2015) , the luminosities of RSGs are expected to be higher at lower metallicity. The mass-loss rate at lower metallicity is predicted to be lower, therefore the lifetimes of RSGs are expected to be longer, and their luminosities should be higher. However, our analysis shows no such trend toward high luminosities of RSGs in a metal-poor dIrr galaxies. In Figure 11 we show the relation between luminosities of RSGs with metallicities of their host galaxies ([Fe/H]). We added the sample of the most luminous RSGs in the MCs (Davies et al. 2018) . Concerning theoretical predictions of RSG luminosities as a function of metallicity, we used the same evolutionary tracks as in the PARSEC models. In Figure 11 we add vertical lines that correspond to the possible luminosities of RSGs at each given metallicity. The theoretical maximum luminosity at [Fe/H] < −0.4 is about log(L/L ) ≈ 5.5 and remains constant down to [Fe/H] ≈ −1.4. This prediction is in agreement with RSGs in the LMC and SMC (Davies et al. 2018) . Our limited observational sample of RSGs in each of the dIrr galaxies prevents us from claiming a definite trend in luminosities. However, we can state that we have analyzed the most massive RSGs in Sextans A and that their luminosities do not display a significant trend in terms of their maximum luminosity (i.e., the Humphreys-Davidson limit), in agreement with the PARSEC evolutionary tracks.
Summarizing, we conclude that we did not observe the most luminous RSGs in IC 1613, Sextans B, and the WLM galaxies. The observed RSGs in these galaxies have absolute luminosities near the minimum selection cutoff criteria (M [3.6] ≈ −9, see the CMD in Figures 2 and 4) . In Sextans A we investigated a more complete sample of the RSG population. This observational bias explains why we reach the maximum theoretical luminosity only for RSGs in Sextans A and not in the others galaxies. This should encourage future studies to find and analyze RSGs in poorly studied galaxies such as IC 10, IC 1613, and the WLM.
Conclusions
Together with Paper I and Paper II, we here expand the census of RSGs in seven star-forming dIrr galaxies. We spectroscopically confirmed 13 new RSGs and confirmed 4 RSGs that have been reported previously. We also identified 8 massive AGB star candidates. For all targets a comprehensive analysis of the physical parameters was performed. We applied SED fitting and several photometrical techniques to obtain the physical parameters of RSGs. The derived parameters are in good agreement for the different methods when interstellar extinction is accurately determined. However, we suggest to use the results based on the SED fitting technique, which does not depend on the empirical photometric calibrations. These calibrations have only been tested for the RSGs in the MCs. Moreover, for the RSGs in the metalpoor galaxies we cannot confirm that the bolometric correction is uniform throughout all ranges of effective temperatures, as was assumed in several photometric calibrations.
The number of discovered RSGs in dIrr galaxies together with the well-studied RSG sample in the MCs is statistically significant for an investigation of the nature of RSG in metalpoor galaxies. Comparison of the observational properties of RSGs with PARSEC evolutional tracks shows that (i) the minimum effective temperature of RSGs increases with decreasing metallicity, and (ii) the maximum luminosity of RGSs is constant (log(L/L ) ≈ 5.5 dex) with decreasing metallicity within a metallicity range [Fe/H]∼[0...−1] dex. These statements were confirmed by an analysis of the physical parameters of RSGs in the most metal-poor dIrr galaxy Sextans A ([Fe/H]≈ −1 dex). In this galaxy we found three of the most massive RSGs with the R SED ≈ 900 R . The derived physical parameters of RSGs will be useful for supernovae progenitor studies in the studied dIrr galaxies. The absence of more luminous RSGs supports the idea that more luminous massive stars in the metal-poor environment do not evolve to the RSG phase and remain in the blue part of the H-R diagram as blue supergiants. The reasons can either be observational (very fast evolving to the RSG phase) or evolutionary (the upper limit of the initial mass of the RSGs phase decreases at low metallicities). The expected initial mass range of the RSG phase becomes smaller, that is, Groh et al. 2019) . In this context, a similar work to establish the census and physical properties of blue supergiants in these galaxies is required. This would help place observational constraints on the ratio of blue to red supergiants, which is important for understanding the nature of the supernova progenitors (Langer & Maeder 1995; Eggenberger et al. 2002) .
With this work, we would like to stimulate further studies of RSGs in particular and of post main-sequence massive stars in general in metal-poor galaxies. Future optical and near-IR instruments will be available on the next generation of telescopes to conduct studies like this. Fig. 10 . Distribution of the RSG effective temperatures (T SED eff ) depending on host galaxy metallicity ([Fe/H]). We add sample RSGs from the LMC and SMC (Davies et al. 2013) , and three well-studied RSGs in IC 1613 from Tautvaišienė et al. (2007) . The horizontal lines correspond to possible effective temperatures for RSGs with initial masses of 8 − 40 M for each available metallicity in the PARSEC evolutionary tracks (Bressan et al. 2012) . The range of possible theoretical luminosities for a given range of temperatures is presented in the color bar.
A&A proofs: manuscript no. 35212corr Fig. 11 . Distribution of RSG luminosities depending on the metallicity of host galaxies ([Fe/H]). The sample of the most luminous RSGs in the SMC and the LMC is from Davies et al. (2018) , and three well studied RSGs in IC 1613 are from Tautvaišienė et al. (2007) . The vertical lines correspond to possible luminosities for RSGs with initial masses 8 − 40 M for each available metallicity in the PARSEC evolutionary tracks (Bressan et al. 2012) . The range of possible theoretical effective temperatures for a given range of luminosities is presented in the colorbar. Notes. BBM2015 refers to targets previously observed by Britavskiy et al. (2015) , "LM2012" - Levesque & Massey (2012) . For. -Foreground giants.
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